Obtaining holographic volume gratings with high diffraction efficiencies that can be used under white light has been a serious problem for the polyvinyl alcohol-acrylamide-based photopolymers developed by other researchers. In this paper we propose to eliminate the residual monomer in order to stabilize the holographic gratings. The residual dye and residual monomer are the main problems in achieving high diffraction efficiencies stable under white light. In order to polymerize the residual monomer we illuminate the gratings with coherent green light and incoherent white light and we heat the grating at 80 C for different times. We also study the conservation of gratings dried in critical conditions of humidity and temperature. After stabilization the diffraction efficiencies achieved were clearly higher than 90%.
Introduction
Photopolymers are a good holographic recording material because of their many attractive features [1] . Characteristics such as self-development, large dynamic range, good optical properties, thick emulsion layers (high angular selectivity) and relatively low cost make photopolymers one of the most promising materials for write-once read-many (WORM) holographic data storage applications [2, 3] . Holograms need to be very thick in order to obtain a high information storage capacity, 1000 times greater than that of a CDROM, and random access time of only 10% of the latter [3] . Furthermore, this property allows us to record volume holographic gratings with high angular selectivity. Gratings can be used as enhanced edges [4] and in holographic interferometry [5] . Another application of holographic recording materials is the construction of holographic optical elements. For these applications, we need holographic gratings with a minimum transmission efficiency and maximum diffraction efficiency.
In order to obtain gratings recorded on poly(vinyl alcohol)PVA-acrylamide (AA) with maximum diffraction efficiency and minimum transmission efficiency at the Bragg angle, we need a good understanding of the behaviour of the photopolymer system. The mechanism that occurs in the recording process is complex but has been modelled successfully by many workers. This type of theoretical model is based on two main processes: monomer polymerization and monomer diffusion. This simplification is useful to characterize many aspects of the material (energy sensitivity, maximum diffraction efficiency attained, overmodulation, the presence of two peaks on the diffraction efficiency versus time graph, residual monomer, etc.) [6] [7] [8] [9] [10] [11] [12] . In this paper we use the model proposed by Neipp et al. [11] to explain the behaviour of the photopolymer. The applicability of this model to PVA -AA has been demonstrated in other studies [11] .
In this paper we work with PVA-AA photopolymer to which we added N,N-methylene-bis-acrylamide (BMAA) as cross-linker. The behaviour of this type of photopolymer during the recording period is well known [13] [14] [15] [16] [17] and we can obtain volume holographic gratings with diffraction efficiencies higher than 95%, taking into account the Fresnel losses. However, the stability of these gratings depends strongly on small variations in laboratory conditions (relative humidity and temperature). The diffraction efficiency is constant only under red light since, if we illuminate the hologram with white light, the residual dye and monomer react [17, 18] . For this reason, refractive index modulation is lost and the diffraction efficiency decreases. In this study, our aim is to obtain diffraction gratings with maximum diffraction efficiency and minimum transmission efficiency at the Bragg angle that remain constant under white light, so that holographic optical elements may be made.
In other papers, the image recorded on photopolymers is stabilized by exposure to ultraviolet light, since in the photopolymers used there is a component that is sensitive at this wavelength. The function of this component is to catalyse the residual dye when the material is illuminated at this wavelength and then the hologram is stabilized [18] . However, our photopolymer does not have this component and it did not undergo tanning.
Other ways of stabilizing the photopolymer after the recording process with optimum proprieties at Bragg's angle are as follows. Firstly, we obtain overmodulated gratings. When the index modulation is higher than optimum, we use several methods in order to polymerize the residual monomer. This polymerization is the reason why the refractive index modulation decreases (by about 30%). If during the recording process we reach a sufficiently high index modulation, when all the residual monomer polymerizes, the refractive index modulation will be that required to obtain maximum diffraction efficiency and minimum transmission efficiency at the Bragg angle. Moreover, if this volume grating is exposed to white light, all the parameters (thickness, absorption constant and refraction index modulation) remain constant. The methods used to eliminate the residual monomer and residual dye consist in placing the photopolymer under green light (514 nm), under white light (luminance of 1200 lux) and a heating process, since the acrylamide and bisacrylamide polymerize when the temperature is sufficiently high [19] . Finally, we analyse the conservation of gratings recorded under extreme conditions of temperature and humidity.
Experimental set-up
The photopolymerizable solution was prepared under red light by adding yellowish eosin(YE), as a dye, together with triethanolamine (TEA) to a solution of PVA 20 cm Â 40 cm glass plate using an automatic depositor and adjusting the thickness of the film. The plate was dried for a period of 35-48 h in the dark and under normal laboratory conditions (T ¼ 22-23 C, relative humidity, 50-60%). This type of photopolymer is very sensitive to laboratory conditions owing to the low solubility of BMAA in water; therefore, the drying time must be modified when there are slight variations in temperature or humidity. Once dried, the photopolymer was cut into plates measuring 6.5 cm Â 6.5 cm to be used in our experimental set-up, and the thickness, absorption constant and refractive index modulation were measured by optical methods [17] .
To study the behaviour of the photopolymer as a holographic recording material, we obtained diffraction gratings using a holographic set-up. The experimental device is a typical holographic set-up [17] , and it can seen in figure 1. An argon laser at a wavelength of 514 nm was used to store diffraction gratings by means of continuous laser exposure. The laser beam was split into two secondary beams with an intensity ratio of 1 : 1. The diameter of these beams was increased to 1 cm with an expander, while spatial filtering was ensured. The object and reference beams were recombined at the sample at an angle of 16.8 to the normal with an appropriate set of mirrors, and the spatial frequency obtained was 1125 lines mm À1 . The working irradiance at 514 nm was 6 mW cm
À2
. The diffracted and transmitted intensity were monitored in real time with a He-Ne laser positioned at the Bragg angle (20.8 ) tuned to 633 nm, where the material does not polymerize. In order to obtain the transmittance and diffraction efficiency as functions of the angle at reconstruction we placed the plates on a rotating stage. Transmittance and diffraction were calculated as the ratio of the transmitted and diffracted beam respectively to the incident power, and in order to take into account Fresnel losses the expression was multiplied by an appropriate factor.
Results and discussion
The idea expressed above of obtaining overmodulated gratings so that polymerization of the residual monomer results in the formation of gratings with the desired properties at the Bragg angle (low transmission efficiency and high diffraction efficiency) was very difficult to achieve with AA alone. In order to obtain overmodulation, the thickness or the refractive index modulation must be increased. Plates with AA as the only monomer are very unstable at high AA concentrations and noise gratings are formed with thick layers. Another possibility would be to include dimethylacrylamide so as to prevent spontaneous crystallization of the monomer; however, the gratings are not stable for very long [17] . In addition, we know that, if we add BMAA as cross-linker to the same initial monomer concentration, a higher index modulation (around 0.005 compared with 0.003) is obtained [12] . However, if we study the behaviour of volume holographic gratings at the Bragg angle predicted by Kogelnik's theory, it can be seen that, for the modulations achieved with the photopolymer used, exceptionally great thicknesses (around 90 mm) would be necessary for the curves to have the desired properties, that is for sufficient overmodulation to be obtained.
Stabilization by incoherent light
In this section, when the recording stage is completed, the grating is exposed to the white light (with a luminance of 1200 lux) to eliminate the residual monomer and stabilize the grating. The index modulation achieved after the recording stage decreases with time. Analysing the corresponding angular responses can see this. Figure 2 shows the transmission efficiency as a function of exposure time for a 98 mm plate thick. The experimental data were fitted to the first harmonic diffusion model [11] . As can be seen in figure 2, a minimum transmission efficiency is obtained with a time of 7 s, which means an energy sensitivity of 42 mJ cm À2 (the energy sensitivity is the minimun exposure to achieve maximun diffraction efficiency). After this moment, the index modulation continues to increase and the transmission efficiency also starts to increase as predicted by Kogelnik's theory when overmodulation occurs [11, 17] . In this figure we can see that the theoretical fit differs from the experimental data at high exposures, and this effect has already been described in other studies [10] . The reason for this is that, in order to simplify the model, we did not take into account the increase in the time taken for diffusion to occur due to the presence of polymers in the exposed zones which prevent the monomer from diffusing to the non-exposed zones, as explained by Zhao and Mavolis [6] .
The effects of overmodulation are confirmed if we analyse figure 3 which shows the fit of angular response based on Kogelnik's theory for unslanted pure phase gratings. In this way we obtain the values of thickness d, index modulation Án and absorption and scattering coefficient (Án ¼ 0.0052 AE 0.0001, d ¼ 98 AE 2 mm and ¼ 0.000 34 AE 0.000 03 mm À1 ). Figure 4 shows the mean monomer and polymer concentrations relative to the initial monomer concentration in the photopolymer film during the recording stage according to our diffusion model. In figure 2 it can be seen that, when the experimental transmission efficiency is stabilized, its value is slightly higher than 0.6. According to the theoretical diffusion model, this value is reached after 20 s. In figure 4 , we can see that, at this moment (after 20 s), there is slightly more than 30% residual monomer left. This monomer is found mainly in the dark zones, since in figure 2 it can be seen that, after the first 40 s, the transmission efficiency is almost stabilized. In other words, in the bright zones there is almost no photopolymerizable solution left. Figure 5 shows the temporal evolution of index modulation relative to the modulation obtained immediately after the grating is recorded. It can be seen that the grating is stabilized within the first 100 h of exposure and from this moment on the grating undergoes no further changes. The angular response of the grating, once it is stabilized, compared with the reading angle, is shown in figure 6 . As we can see, when index modulation is lost, the transmission efficiency in the [27.8. ). In other words, the diffraction efficiency increases until it reaches almost maximum values, thereby obtaining a diffraction grating with almost optimum results. In order to obtain a grating with optimum results (maximum diffraction efficiency and minimum transmission efficiency) for a thickness of 98 mm, the index modulation must take the value 0.0033. For this to be possible, it would be necessary to stop recording the grating a little earlier so that there would be a greater amount of residual monomer present.
Stabilization by coherent light
We now use another plate of similar thickness (96 AE 2 mm) whose transmission efficiency versus time and angular response versus angle at reconstruction curves of the grating immediately after it is recorded are similar to the previous grating (Án ¼ 0.0052 AE 0.0001, d ¼ 96 AE 2 mm and ¼ 0.000 27 AE 0.000 03 mm À1 ). However, in this case, once the diffraction grating is stored, it is exposed to an argon laser (a single beam) at an intensity of 30 mW cm À2 for 10 min in order to eliminate the residual monomer. In this time, all the dye in the plate is seen to have disappeared (other tests carried out with shorter exposure times indicate that there is still some residual monomer present). The angular response of the recorded grating was fitted after this treatment (the shape of the curve is like the curve represented in figure 6 ), and the parameters obtained from the fit are Án ¼ 0.0038 AE 0.0001, d ¼ 95 AE 2 mm and ¼ 0.0006 AE 0.00003 mm À1 . This angular response remains constant after 2000 h and does not undergo any noticeable change. Moreover, as can be seen, although the index modulation of the grating decreases (from 0.0052 to 0.0038), when all the residual monomer has polymerized with the help of the laser, the behaviour at the Bragg angle is improved, since almost all the incident light is diffracted and only 5% is transmitted. Nevertheless, it should be pointed out that, if there were a slightly greater loss of refractive index modulation, or if we used a lower exposure or a somewhat thinner layer, the amount of light transmitted could be even less since, as can be deduced from the theoretical fit based on Kogelnik's theory, there is still a slight overmodulation in the angular response curve. In other words, a slightly lower index modulation (around 0.003 25 instead of 0.0038) would be necessary to obtain minimum transmittance and maximum diffraction for a thickness of 95 mm.
3.3.
Stabilization by high exposure at a temperature of 80 C As we explained above, in order to polymerize the residual monomer in the photosensitive film, we heated the overmodulated gratings at a temperature of 80 C for 60 m. Figure 7 shows the evolution of the experimental data for transmission as a function of time for a plate 84 mm thick together with the fit carried out on the basis of our model. Figure 8 shows the mean monomer and polymer concentrations that according to the model are present at each moment in the plate relative to the initial concentration of monomer. From figures 7 and 8 it can be deduced, as in section 3.1, that, when we stop recording the grating, around 30% of the monomer is still present. The angular response as a function of the angle at reconstruction of the grating at that particular moment may be seen in figure 9 , from the fit of which we obtain the thickness mentioned above. Transmittance at the Bragg angle is approximately 0.4, which implies that the diffraction efficiency is around 60%. This grating was heated for 1 h at 80 C and then kept in the dark for 450 h. Subsequently, the grating was exposed to the white light (ambient light) in order to determine whether there was still some unpolymerized monomer left. The evolution of the refractive index modulation compared with that obtained after recording the grating as a function of time may be seen in table 2. Variation in the thickness of the grating compared with the initial thickness can be seen in table 3. As can be seen, in these tables, the index modulation decreases by about 20% in the first few hours and then remains constant up to 450 h. At this moment the gratings are exposed to the light with the result that there is a further decrease in the index modulation. Meanwhile, the thickness of our grating decreases initially by a little more than 10% but then this loss in thickness is regained. These variations in thickness may be easily explained by the presence of PVA as binder. The function of PVA is to retain part of the water in the solution, thereby making the photosensitive film consistent. The amount of water retained depends on the PVA concentration and the humidity of the surroundings in which the film is kept [20] . For this reason, if we heat the photopolymer plate, part of the retained water evaporates and so the thickness decreases. However, when this process is over, the photopolymer returns to the laboratory conditions of temperature and relative humidity. The film will then absorb water from the atmosphere and so regain its initial thickness. These findings might lead us to think that all the residual monomer has polymerized but, when the recorded grating is exposed to the light (1200 lux), 450 h after being recorded (table 2) , we can see that it loses yet another 10% . The parameters obtained by fitting the angular responses (transmission efficiency and diffraction efficiency) relative to the angle at reconstruction after 450 h (before exposure to the light) are Án ¼ 0.0040 AE 0.0001, d ¼ 84 AE 2 mm and more than 95% of incident light was diffracted at the Bragg angle. The angular responses after 2000 h (450 h in the dark and 1550 h in the light) are shown in figure 10 (Án ¼ 0.0033 AE 0.0001, d ¼ 84 AE 2 mm), as we can see, the diffraction efficiency is around 95%. From analysis of the grating after 450 h (where there is still a slight overmodulation) and figure 10 it can be deduced that it is possible to store maximum diffraction efficiencies of over 95% at the Bragg angle, even though the time spent heating the plate (1 h) was not enough for all the residual monomer to polymerize, as can be seen when it is exposed to the light (table 2) after the first 450 h.
This finding was to be expected if we consider the studies in which attempts were made to polymerize AA and BMAA by heating [19] , when it is reported that 300 min are necessary to achieve maximum polymerization. For this reason, we used a plate of similar characteristics and heated it to 80 C for 200 min. After this treatment, the refractive index modulation fell by 20% compared with the value that the grating had after the recording stage, and it did not vary when subsequently exposed to the light. However, we were faced with the drawback that this process resulted in a loss of 20% of the thickness which was not regained later. Therefore, it is necessary to control the heating so that the photopolymer film does not deteriorate irreversibly.
Extreme laboratory conditions
Other studies have pointed out the high sensitivity of PVA-AA based polymers to laboratory conditions and the influence that these have on the thickness, energy sensitivity, diffraction efficiency and stability of the plate. This latter characteristic, in particular, conditions our study since, if the temperature rises or the humidity decreases, our monomers crystallize very easily. Consequently, if these conditions change, the drying time must also change from 50 h at 20 C and 60% relative humidity to 20 h at 23 C and 44% relative humidity. However, if the conditions are very extreme as in the latter case (owing to the low humidity and high temperature), the plates may spontaneously crystallize after exposure, even immediately after they are cut, without the need for light. Therefore, it is interesting to note that the gratings that we recorded in these conditions are stable. Figure 11 shows the conservation of index modulation of a grating recorded in these conditions. During the first 60 h the grating was kept in the dark. In this period of time the grating lost 15% of the index modulation attained during [27.8. recording. Moreover, there was considerable crystallization of AA and BMAA in the non-exposed zones, where the crystals could be seen, together with a notable loss of transparency. However, in the zones where the grating had formed, no crystals were to be seen, as in the previous cases in which the residual monomer was polymerized by the action of light or temperature, and so there was no loss of optical quality in our volume holographic grating. The grating was then exposed to the light in order to obtain an idea of the amount of residual monomer present.
After approximately 40 h in these new conditions, 6% of the index modulation was lost before it became stabilized (this loss can be seen in more detail later in figure 13 ). This fact supports our idea that the mechanism by which index modulation is lost in the dark is not similar to the mechanism that occurs in photopolymers that do not contain a cross-linker but rather is mainly due to the effects commented on above. Figure 12 shows the transmission efficiency relative to the angle at reconstruction immediately after the reconstruction stage (Án ¼ 0.0043 AE 0.0001, d ¼ 99 AE 2 mm and ¼ 0.00032 AE 0.000 03 mm À1 ). When the angular response after the period spent in the dark was fitted, the follow parameters were [27.8. figure 13 (Án ¼ 0.0034 AE 0.0001, d ¼ 97 AE 2 mm and ¼ 0.000 52 AE 0.000 03 mm À1 ) the angular response (transmission efficiency and diffraction efficiency) after exposure to the light for 400 h (1200 lux) are shown when the index modulation had stabilized. We can see that this last angular response is almost the same as that desired at the Bragg angle, since the transmission efficiency has a value of less than 3% and the diffraction efficiency is over 91% .
Conclusion
In this study we obtained gratings with optimum transmission and diffraction efficiencies, which were stable over time, at the Bragg angle, by means of different methods. Of the methods used, we believe that the most effective are those that consist in illuminating the grating with incoherent or coherent light, since heating the film causes problems due to the change in thickness of the hologram. Of the two types of illumination, coherent light cannot be considered more effective (a great deal of energy is needed to stabilize the plate) and so we recommend stabilizing the plate with ambient light because of its low cost. We also detected a 'spontaneous' loss of index modulation in the gratings which were dried and recorded under conditions of low humidity.
Finally, the following conclusion may be drawn from our study. If the correct laboratory temperature and relative humidity are chosen so that the diffusion time and reaction constant are always the same and depositing of the film is carefully controlled so that the desired thickness is obtained with a minimum error (1 or 2 mm), using the diffusion model, we can determine the time the photopolymer should be exposed so that after stabilization the desired transmission and diffraction efficiencies are obtained. [27.8. 
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